Adult articular cartilage (AC) has a well described multizonal collagen structure. Knowledge of foetal AC organisation and development may provide a prototype for cartilage repair strategies, and improve understanding of structural changes in developmental diseases such as osteochondrosis (OC). The objective of this study was to describe normal development of the spatial architecture of the collagen network of equine AC using 1.5 T magnetic resonance imaging (MRI) and polarised light microscopy (PLM), at sites employed for cartilage repair studies or susceptible to OC. T2-weighted fast-spin echo (FSE) sequences and PLM assessment were performed on distal femoral epiphyses of equine foetuses, foals and adults. Both MRI and PLM revealed an early progressive collagen network zonal organisation of the femoral epiphyses, beginning at 4 months of gestation. PLM revealed that the collagen network of equine foetal AC prior to birth was already organised into an evident anisotropic layered structure that included the appearance of a dense tangential zone in the superficial AC in the youngest specimens, with the progressive development of an underlying transitional zone. A third, increasingly birefringent, radial layer developed in the AC from 6 months of gestation. Four laminae were observed on the MR images in the last third of gestation. These included not only the AC but also the superficial growth plate of the epiphysis. These findings provide novel data on normal equine foetal cartilage collagen development, and may serve as a template for cartilage repair studies in this species or a model for developmental studies of OC.
Introduction
Type II collagen is one of the most abundant (80 % dry weight) articular cartilage (AC) matrix molecules and its highly organised network imparts mechanical properties of tensile strength and resistance to shear forces. Adult AC has a zonal or layered structure, created by the predominant collagen fibre orientation, revealed by birefringence on polarised light microscopy (PLM) examination (Benninghoff, 1925) . The collagen fibres' preferential direction is either parallel to the articular surface (tangential), lack a preferential direction (transitional), or aligned perpendicular (radial) to the subchondral bone to create the "Benninghoff structure". Furthermore, the number and thickness of collagen fibrils vary with zone (Aspden and Hukins, 1981; Changoor et al., 2011; Hwang et al., 1992) , and the structure undergoes major changes with maturation from juvenile to adult cartilage. These changes include an increase in type II collagen content and cross-links and a reorientation of the predominant collagen fibre direction from a parallel to perpendicular orientation to the articular surface (Julkunen et al., 2009; Williamson et al., 2003) . Numerous studies describe the biochemical and structural adaptations during postnatal growth and maturation due to postnatal mechanical forces (Brama et al., 2002; Brama et al., 2000; Hughes et al., 2005; Hunziker et al., 2007; Julkunen et al., 2009; Lecocq et al., 2008; van Turnhout et al., 2011) , and the functional properties change as the collagen content and collagen fibril orientation mature (Rieppo et al., 2009) .
However, AC structure is reported to be homogeneous or isotropic at birth, based on its cellular and histologic appearance, and becomes anisotropic, developing stratified layers with maturity (Hunziker et al., 2007) . Cartilage mechanical properties depend on the collagen ultrastructure, and are acquired during collagen network maturation (Julkunen et al., 2009; Julkunen et al., 2008) . Although horses are reported to be born with biochemically "blank" (Brama et al. 2002) or uniform joints in respect to collagen content (Brama et al., 2000) , this form of assessment does not reveal the spatial architecture of the collagen network. It is proposed that the collagen network at birth is not arranged in a zonal or laminar way as in adult animals (Brama et al., 2002; Holopainen et al., 2008; Hunziker et al., 2007; Julkunen et al., 2009; Rieppo et al., 2009; van Turnhout et al., 2010) . The predominant collagen orientation as assessed by quantitative PLM is reported to be parallel to the articular surface, and with age it changes to the classic Benninghoff structure (Julkunen et al., 2009; Julkunen et al., 2010; Rieppo et al., 2009; van Turnhout et al., 2008; van Turnhout et al., 2010) . However, there have been few studies addressing the in utero collagen structure of AC. Investigations combining PLM and picrosirius red staining for collagen fibres recently provided insight into the collagen network structure of equine foetal AC and its development: they suggest that it possesses an anisotropic organisation in utero (Lecocq et al., 2008) . A multizonal collagen structure is apparent and birefringence increases with gestational age, indicating an increase in collagen content or alignment (Lecocq et al., 2008) . Consistent with this observation, a zone with a weak anisotropic collagen arrangement is detectable in perinatal animals employing quantitative PLM (van Turnhout et al., 2010) .
Magnetic resonance imaging (MRI) is presently the most accurate imaging modality for evaluating AC in vivo and is now also employed to assess cartilage repair strategies (Hayter and Potter, 2011; Kangarlu and Gahunia, 2006; Uhl et al., 2005) . Its principal advantage is that it allows a non-invasive, non-destructive assessment and, unlike many histological techniques, in multiple planes. There is no need for special preparation of the specimen, and the same specimen can be imaged at different times with different techniques, which may save time and preserve the specimen.
Hyaline cartilage has a visible laminar structure (layers of different intensity) on high-resolution magnetic resonance (MR) images that correlates with its histological zonal organisation (Recht et al., 2005) . MRI T2 relaxation times reflect the collagen fibril network's predominant structure (Goodwin and Dunn, 1998; Grunder et al., 1998; Mosher and Dardzinski, 2004; Nieminen et al., 2001; Nissi et al., 2006; Xia et al., 2001) , the collagen content (Menezes et al., 2004; Mosher and Dardzinski, 2004) and also collagen-associated water (Mosher and Dardzinski, 2004; Nissi et al., 2006) . The laminar appearance on T2-weighted images reflects the collagen orientation in the superficial zone (fibres parallel to the articular surface), transitional zone (random arrangement) and deep or radial zone (perpendicular to bone surface) (Xia et al., 2001) . Consequently, MRI is a valuable tool for assessing the cartilage collagen network non-destructively.
Changes in the collagen network are observed on T2-weighted images of cartilage in young postnatal animals: cartilage of very young animals displays a multi-laminar appearance, up to 7 layers (Nissi et al., 2006) , whereas a trilaminar adult structure appears with maturity (Grunder et al., 2000; Grunder et al., 1998; Nieminen et al., 2000; Nissi et al., 2006; Xia, 2003) . Nissi et al. (2006) conclude that the appearance is due to incomplete maturation and remodelling of the collagenous network with maturity and that up to 44 % of the depth-wise variation in T2 is created by collagen anisotropy. T2-weighted 1.5T MR images reveal signal variations with age in bovine post-natal cartilage concomitant with modifications in its structure (Olivier et al., 2001) . However, with routine clinical MRI (1.5T), the multi-laminar appearance is not visible in adult AC (Link et al., 2007; Verstraete et al., 2004) .
MRI has rarely been employed to assess foetal AC structure. Connolly et al. (2004) describe prenatal skeletal development features of the epiphysis in pigs that were confirmed on histology. Prenatal MRI is also now emerging clinically as a method to assess skeletal dysplasias, such as collagenopathy mutation of the COL2A1 gene (type II collagenopathy) (Yazici et al., 2010) .
Knowledge of normal AC structure during various stages of development is important towards understanding and enhancement of the maturation of cartilage repair techniques in vivo to engineer functional durable cartilage. The creation of an adult hyaline cartilage with a stratified collagen architecture is an important goal for a mechanically functional tissue (Responte et al., 2007; Riesle et al., 1998) . Strategies for repairing focal AC defects include surgical microfracture, cell therapy and tissue-engineered constructs (Farr et al., 2011) . Healing of these focal defects will probably recapitulate some, or all, of AC matrix developmental events in vivo, as they mature in situ. Similarities between in vitro tissue engineered collagen network structure and that of young calves has been previously identified using scanning electron microscopy (Riesle et al., 1998) , but stratification is not addressed. So far stratification of AC repair sites is not reported in animal models on follow up MRI, even when high field MRI (Kim et al., 2010; Watanabe et al., 2009) is employed, and a corresponding disorganised collagen structure is confirmed on PLM examination (Watanabe et al., 2009) .
The horse is now recognised as being an appropriate animal in which to test cartilage repair strategies, because the thickness of the AC of the distal femur is similar to that of humans (Frisbie and Stewart, 2011) . Consequently, understanding the AC structure during various stages of development is important in this species. Furthermore, knowledge of the normal collagen network structure in the foetus and foal will provide an important foundation to study developmental diseases of articular cartilage, such as osteochondrosis (OC). This developmental problem arises in the early weeks post-partum (Carlson et al., 1995; Dik et al., 1999; Olstad et al., 2007) and potentially in the foetus (Carlsten et al., 1993; Ekman et al., 2009) , and altered collagen metabolism is proposed as a potential contributing factor to this disease (Billinghurst et al., 2004; Bridges and Harris, 1988; Hurtig et al., 1993; Laverty et al., 2000; Laverty et al., 2002; van de Lest et al., 2004) .
We hypothesised that 1.5 T MRI and picrosirius red histological staining would reveal progressive maturation of equine AC structure in utero. Specifically, we studied the maturation of the distal femoral epiphyseal articular surface, employing both MRI and PLM with picrosirius red staining, at different sites. The aims of our study were to characterise the MRI appearance of the developing equine articular surface and the histological events in the establishment of the collagen network of developing AC.
Materials and Methods

Study design
Equine foetuses (n = 14, age range 4.1 to 9.4 months of gestation) from an abattoir and full-term foals or adults (n = 10, age range from 1.5 days to 2 years) euthanised at the veterinary teaching hospital were collected between 2008 and 2010. The age of the foetuses was estimated by crown-rump measurement (Bergin et al., 1967) . Some of C Cluzel et al. Articular cartilage development these specimens were also included in a parallel study of equine joint development (Fontaine et al., 2013) . Mature adult specimens were included for comparative purposes with the foetal samples, as MRI features of mature articular cartilage structure are already well described in the literature. Right hind limbs were harvested within 1 h of death, disarticulated at the coxofemoral joint and were refrigerated at 4 °C or frozen at -20 °C until imaging.
MRI
Specimens were thawed at room temperature. The distal femurs were then imaged with a 1.5 T magnet MRI (GE Sigma HDX, GE Healthcare Canada, Mississauga, Ontario) employing an 8-channel human knee antenna sent-andreceive coil (HD TRknee PA, GE Healthcare Canada, Mississauga, Ontario). The limb was oriented parallel to the main magnetic field. Two sequences were designed to obtain optimal differentiation of the signal zones in the distal femoral epiphysis: sagittal T2-weighted fastspin echo (FSE) and dorsal dual proton density (PD) + T2-weighted (Table 1) . MRI sequence choice was based on those published in prior studies assessing epiphyseal development in various species in the literature (Connolly et al., 2004; Dardzinski et al., 1997; Dardzinski et al. 2002,; Jaramillo et al., 1998; Jaramillo et al., 2004; Varich et al., 2000) and also pilot studies of post mortem specimens to optimise the sequences. If AC lesions were observed, the specimen was excluded from the study. (Fig. 1 ). These specific sites were examined because of their clinical relevance (sites employed for AC repair strategies or susceptible to OC).
MRI descriptive semiquantitative analysis
All sagittal images were initially read by the first author and a board-certified veterinary radiologist to form a consensus agreement on the global structural appearance of the epiphysis for each site studied. An atlas was then designed for cartilage pattern score on MRI at different stages of development (foetus to adult). The atlas of scores was made by consensus agreement on the global structural appearance of the epiphysis on T2 sag FSE images in the sagittal plane for each site studied. The scoring system (1-5) incorporated the predominant patterns observed at different stages of development in the sagittal images. Details of the scoring system are provided in Table 2 . All images were subsequently placed in random order for interpretation. Each image was scored separately and blindly by the two previous readers and an imaging resident who had never seen the images before, employing the scoring system in Table 2 .
MRI quantitative analysis
The thickness (mm) of the cartilage was measured in a tangential direction from the articular surface using a digital calliper (Fig. 2) , and included the whole cartilage depth (both articular and underlying epiphyseal growth cartilage) at all five sites. The number of layers in the cartilage that were clearly visible on MR images was also noted and the thickness (mm) of the superficial hyperintense layer measured. The measurements were made once, by consensus between the author and the board-certified radiologist, at sites corresponding to the site-matched histologic specimens.
Histological analysis
Following MR imaging, femurs were dissected free of soft tissues. If any macroscopic lesion of the articular surface of the distal femur was observed, the specimen was excluded from the study. The distal epiphysis of the femur was sectioned sagittally with a saw to obtain 3 mm x 1.5 cm sections corresponding to the MR sagittal images at the five sites. The sections were immediately fixed in 10 % formalin for 24 h. They were rinsed in distilled water, before being decalcified in a 1L solution containing 170 mL 12.8 % formic acid, sodium formate (35 g) and water. If decalcification required more than 48 h (adult samples), the formic acid solution was replaced every 48 h. After rinsing for 2 h in running distilled water, the sections were fixed in 70 % alcohol for 48 h. Finally, samples were further dehydrated prior to embedding in paraffin. Two 4 µm thick sections were cut from each block and stained with picrosirius red to reveal collagen structure. The method was adapted from a technique described previously (Sweat et al., 1964) , with the inclusion of an additional papain digestion step (K. Pritzker, personal communication; Lecocq et al., 2008) . Sections were dewaxed with toluene, washed for 30 min with water followed by phosphate buffer (0.05 M, pH 4.7). They were incubated at 37 °C in a 0.5 % pre-warmed papain solution (pH 4.4) for 90 min to remove proteoglycans and allow better staining of the collagen fibres with picrosirius red. Slides were washed with distilled water and then placed in 0.1 % picrosirius red solution (0.1 g Sirius red F3B, 0.6 g picric acid crystals, 200 mL aqueous saturated picric acid) for 60 min. They were then washed in 0.01 M HCl for 2 min. Finally, they were dehydrated and mounted. Collagen birefringence was then imaged using PLM employing a Leica DM4000B microscope attached to a Leica DFC320 video camera. Highly ordered collagen parallel to the articular surface appears bright and yellow to yellowish orange (birefringent), whereas non-ordered * Due to its small size in score 2, the ossification is present inconsistently throughout the epiphysis; when visible on the sagittal view studied, layer 3 is also visible.
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collagen (non-birefringent) appears dark (Hughes et al., 2005; Lecocq et al., 2008) . Examination of the collagen structure on the whole slide was performed at low (x12.5, x50) and high (x100, x200, x400) magnifications. Slides were examined at the angle that revealed maximum birefringence of the articular surface.
Histological descriptive semiquantitative analysis
An atlas of histological scores was made by the first and last authors by consensus agreement to capture the predominant structural appearance of the collagen fibres in the AC, at each site studied. This scoring system (1-5) was based on the birefringence, the predominant pattern of fibre orientation in each layer and the network structure thickness/packing, where discernible (Table 3) . Each slide was then scored separately and blindly by the first author and two independent readers who had never seen the slides before, employing Table 3 . These scores were then matched to the ages of the foetuses/foals.
Histological quantitative analysis -articular cartilage thickness
The thickness (mm) of the AC was measured and the number of zones was noted at the magnification that permitted the best visualisation. There is not a clear boundary for the deep zone of immature cartilage. AC was considered to be the cartilage at the surface of the epiphysis that contained no blood vessels (Klein et al., 2007) . Growth cartilage (GC) was defined as cartilage containing cartilage canals. The measurements were made three times on the slides at the same site, and the mean of the three measurements was used for subsequent analyses (Fig. 3) .
Fig. 2.
Cartilage assessment on MRI: thickness measurement. The measurements were made on sagittal sections of the distal epiphysis of the femur. A. Dorsal section of the distal epiphysis of the femur (trochlea) revealing the section axis of the LFTR (A1), ITG (A2) and MFTR (A3) sites. A1-3 illustrate sites of measurement in the sagittal plane on these MRI sections. The thickness of the cartilage (mm) was measured in a tangential direction from the articular surface on the dotted line axis using a digital calliper (precision : ± 0.1 mm) and included the whole cartilage depth (both articular and underlying epiphyseal growth cartilage). The number of layers in the cartilage that were clearly visible on MRI images was also noted and the thickness of the most superficial layer measured (mm). B. Dorsal section of the distal epiphysis of the femur (condyle) (B is more caudal than A). The dotted line represents the section axis of the LFC (B1). The thickness was measured as in A. GC, growth cartilage; OC, ossification centre of the distal femur; P, patella; T, tibia; ITG, inter-trochlear groove; LFC, lateral femoral condyle; LFTR, lateral femoral trochlear ridge; MFC, medial femoral condyle; MFTR, medial femoral trochlear ridge.
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Statistical analysis
Inter-observer agreement for MRI (n = 3 readers) and histological (n = 3 readers) scores was calculated using a weighted-kappa coefficient and all sites in all specimens were included. The different sites were also compared to each other with respect to each technique and score, to determine if there was a difference in the measured structures between sites.
The agreement between the MRI scale and the histological scale was assessed using a weightedkappa, globally and for each site separately. An intraclass correlation coefficient was used to determine the association between the thickness of the MRI superficial hyperintense layer and the thickness of AC on histology. The level of significance was set at P < 0.05. The guidelines for the strength of agreement indicated by the κ values were poor (< 0.20), fair (0.21 to 0.40), moderate (0.41 to 0.60), substantial (0.61 to 0.80), or excellent (0.81 to 0.99) (Landis and Koch, 1977) .
Results
Two specimens (6 months and 1 year) were excluded following MRI analysis due to the presence of OC lesions on the LFTR, and one (aged 4.5 years) was excluded due Fig. 3 . Articular cartilage measurement on histological sections. The thickness of the articular cartilage (mm) was measured at the magnification that permitted the best visualisation. AC was considered to be the cartilage at the surface of the epiphysis that contained no blood vessels. GC was defined as cartilage housing cartilage canals. The articular surface was divided into quarters. The measurements were made at three locations (full line distance between "x") on the slides at the same site and the mean of the three measurements was used for subsequent analyses. AC, articular cartilage; GC, growth cartilage; VC, vascular canal.
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to extensive AC surface defects and fibrillation affecting the studied sites. The final samples comprised 14 foetuses, 5 foals and 2 adults for comparative purposes (Table 4) .
MRI analysis MRI descriptive semiquantitative analysis
There was an excellent inter-observer agreement for MRI scoring between the three readers (k = 0.98, 0.93, 0.95), all sites included. In the very young foetuses (< 7-8 months of gestation), the distal epiphysis of the femur was fully-cartilaginous. The cartilage was composed of the AC on the surface and the deeper GC. MRI revealed a homogeneous isointense tissue throughout the epiphysis with a superficial thin hyperintense layer, that we postulated to be a maturing articular surface, appearing in some of the youngest samples from 4.1 months of gestation (Fig. 4, 1A-D) .
The ossification centre of the femoral epiphysis first appeared between 7 and 8 months of gestation. From about 7.4 to 7.6 months of gestation, the secondary ossification centre had expanded to 50 % of the epiphysis. Three layers of cartilage were discernible on MRI between the articular surface and the border of ossification centre. These included the persistent, previously described, superficial thin hyperintense layer (putative future AC) and two additional layers: a thicker iso-to hypointense and a thin hyperintense area surrounding the ossification centre, revealing structural changes in the GC (Fig. 4, 2A-D) .
At a later stage in development, in the last third of gestation, four layers of cartilage were visible on the MRI images from the articular surface to the ossification centre. This consisted of the persisting superficial thin hyperintense layer on the surface and surrounding the ossification centre, but a division of the central layer previously described into two layers (a medium hypointense and a medium isointense) (Fig. 4, 3A-D) .
With progression of development, from the last days pre-partum to a few weeks post-partum, the MRI cartilage appearance changed to a trilaminar structure: three layers were again visible consisting of the superficial thin hyperintense (articular surface) zone, a middle hypointense zone and a deep hyperintense area (Fig. 4, 4A-D) .
From 1 year old, the epiphysis was fully ossified and had the adult appearance. A single superficial thin hyperintense layer remained on the surface of the AC (Fig.  4, 5A-D) .
When the dynamics of epiphyseal cartilage development were compared at different sites, the same patterns were present, but the structural changes differed slightly, over time, at each site.
In summary, a superficial hyperintense area became evident on MRI as early as 4.1 months of gestation and persisted in the adult AC. Immediately underneath this zone, a hypointense zone became evident as early as 7.4 months of gestation and also persisted, highlighting structural maturation of the articular surface in utero.
MRI quantitative assessment
The superficial layer thickness (hyperintense zone) at the 5 sites was not significantly different in the youngest foetuses (score 1 and 2). From 8 months of gestation, differences were present. There was a significant difference between the mean superficial layer thickness of the sites studied, in specimens with score 3 (P < 0.0001), 4 (P = 0.01) and 5 (P = 0.007). Tukey's post-hoc test indicated that this layer in LFC and MFC was significantly thinner than it was in the trochlear sites for score 3, ITG was significantly thicker than MFC for score 4, and MFTR was significantly thicker than LFC, MFC and LFTR for score 5 (Fig. 5) .
Histologic analysis Histologic descriptive semiquantitative analysis
There was a very good inter-observer agreement (three readers) for histological scoring (k = 0.86, 0.81, 0.82).
In the early foetal age (before 6 months of gestation), the collagen network was a very loose meshwork and homogenous (Fig. 6, 1B) showing no birefringence, except for the thin tangential zone at the surface (yellow to orange, but loose network) (Fig. 6, 1A) .
At 6 months of gestation, a radial zone (Fig. 6, 2B ) appeared under the surface tangential zone (Fig. 6, 2A) , but was still very loosely woven. It was mildly birefringent, greenish yellow, with the predominant collagen fibre pattern now oriented radially.
With progression of development, at all sites, a transitional zone (Fig. 6, 3B ) became visible (earliest stage at 6.6 months of gestation) between the two pre-existing zones: it was poorly birefringent, quite dark, with a random organisation of the fibres. The whole lattice became fairly dense and the radial zone was now well visible (Fig. 6,  3C) .
From the end of gestation to a few weeks post-partum, an additional zone was apparent in the deepest part of the AC at the junction with the GC: it appeared to correspond to the calcified cartilage (Fig. 6, 4D ). www.ecmjournal.org
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The final adult collagen organisation (first present at 1 year-old) had four distinct layers, and a dense lattice that rendered difficult to distinguish the fibre orientation: a superficial yellow to orange tangential zone (Fig. 6, 5A ), a dark thin transitional zone (Fig. 6 , 5B), a broad yellow radial zone (Fig. 6, 5C ), and a poorly birefringent zone in contact with bone (calcified cartilage) (Fig. 6, 5D ).
Histological quantitative analysis: articular cartilage thickness
The mean AC thickness at the five sites was not significantly different in the youngest foetuses (score 1 and 2). From 8 months of gestation, differences in thickness were evident. There was a significant difference between the mean AC thickness of the sites studied for score 3 (P = 0.01), score 4 (P < 0.0001) and score 5 (P = 0.04). Tukey's post-hoc tests indicated that the AC of LFC was both significantly thinner than the AC in LFTR and MFTR with score 3, LFTR and MFTR were significantly thicker than the other sites for score 4, MFC was significantly thicker than ITG for score 4, and ITG was slightly significantly thicker than LFC for score 5 (Fig. 5) .
Comparison: MRI vs. histology
The correlation between the 2 scales of scores was good (k = 0.66), all sites included. It was better for LFC and MFTR (k = 0.69 and 0.66, respectively) than MFC and LFTR (k = 0.63 and 0.58, respectively). The kappa was not available for ITG.
The histological thickness of AC correlated with the measurements of the superficial MRI hyperintense layer thickness in 57 % of the measures, all sites and scores included. The MFTR, LFTR and MFC had a better correlation rate (66.3 %, 63.2 % and 61.7 %, respectively) than the ITG and LFC (44.5 % and 42.3 %, respectively). Table 2 . 2.B, 2.C and 2.D do not show an ossification centre because of its small size, but it was present inconsistently throughout the T2 sag FSE sequence. The age of each specimen is mentioned: for foetuses, the age is estimated foetal gestational age (see Materials and Methods). * Ossification centre. Scale bars = 10 mm.
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Discussion
This study provided novel information on the dynamics of the developing collagen network structure in AC in the equine foetus employing both MRI and PLM. This description of normal AC collagen network evolution in the foetus will serve as a benchmark towards understanding desirable collagen network organisation in cartilage engineering strategies in this species and also, potentially, of developmental defects of cartilage such as OC. Both MRI and PLM revealed an early progressive structural laminar/zonal organisation of the collagen network, prior to birth and post-natal load-bearing, though not as pronounced as in adult tissues, due to less collagen content and organisation. A recent study comparing PLM and scanning electron microscopy confirms that collagen fibre orientation observed on PLM reflects cartilage collagen ultrastructure validating this technique for an easy qualitative assessment of the collagen network (Changoor et al., 2011) .
As early as 4.1 months gestation age, the earliest time point we assessed, a superficial hyperintense layer was visible at the AC surface on T2-weighted images, which persisted throughout gestation and into adulthood. The mean gestational period in the horse is eleven months. It is now well recognised that T2-weighted images reflect Articular cartilage development principally collagen network structure (Grunder et al., 1998; Mosher and Dardzinski, 2004; Nieminen et al., 2001; Nissi et al., 2006; Xia et al., 2001) . A superficial tangential birefringent zone was also present from the earliest stages on PLM, confirming and extending our previous findings (Lecocq et al., 2008) . This layer persisted throughout development but became increasingly birefringent. Its dense appearance suggested enhanced collagen deposition and increased collagen content. A thin layer of higher collagen content has also been recently described in human AC foetal specimens (Mahmoodian et al., 2011) . The surface birefringent layer we described, is also observed in new-born mice (Hughes et al., 2005) on PLM, but they were not assessed at the foetal stage. Similarly, AC surface anisotropy has been measured on quantitative PLM in stillborn foals, but the overall predominant collagen fibre orientation is parallel to the surface employing these methods (van Turnhout et al., 2008) . However, it should be pointed out that the use of orientation patterns alone for determination of the different zones might not suffice for young animals (van Turnhout et al., 2008) . As the superficial zone of AC has recently been shown to contain a slowly proliferating stem cell pool, it is not surprising that it is visible from early developmental stages (Dowthwaite et al., 2004; Hunziker et al., 2007) . Based on these findings, we can conclude, at least in this species, that the first superficial layer of the classical Benninghoff structure of AC develops in utero and is the first sign of a maturing collagen network. It should be pointed out that when this layer first appears, the rest of the femoral epiphysis is completely cartilaginous, and ossification has not occurred. The cartilage below the superficial intense zone has a homogeneous loose lattice or meshed appearance on PLM.
Four laminae were observed on the MR images in the last third of gestation, but included the complete AC epiphyseal complex with the superficial growth plate of the epiphysis. In contrast to the adult cartilage appearance on MRI, with three zones, up to seven zones of different intensity have already been observed in juvenile femoral cartilage on MRI in various species (Grunder, 2006; Grunder et al., 2000; Grunder et al., 1998; Nieminen et al., 2000; Nissi et al., 2006; Xia et al., 2003) . Fig. 6 . Histological scores employed for articular cartilage assessment. The atlas of histological scores was made by consensus agreement to capture the predominant structural appearance of the collagen fibres in the articular cartilage on the picrosirius red-stained sections. This scoring system was based on the birefringence, the predominant pattern of fibre orientation in each zone, and the network structure thickness/packing, where discernible. The age of each specimen is mentioned: for foetuses, the age is estimated foetal gestational age (see Materials and Methods). Scale bars = 500 µm (first row), 20 µm (others).
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Additional evidence for collagen network structure anisotropy in the foetus is provided by the observations of the emergence of a transitional zone with a third increasingly birefringent radial layer on PLM from 6 months of gestation onwards here and in our previous work (Lecocq et al., 2008) . Recently, van Turnhout et al. (2008; also provide evidence for the presence of a transitional zone at birth on quantitative PLM in both the horse and sheep. Based on our structural observations on PLM here and elsewhere (Lecocq et al., 2008) , we propose that it arises earlier in utero in the last third of gestation. Additional lines of evidence for foetal cartilage anisotropy are provided by the measurement of a depthdependent stiffness already in foetal cartilage (Klein et al., 2007) . Combined, these observations confirm and extend our previous observations (Lecocq et al., 2008) that the collagen network of equine AC is already organised into an evident layered structure in an equine foetus prior to birth and is anisotropic. This collagen network is subsequently remodelled after birth to attain the adult structure as elegantly shown by others (Brama et al., 2002; Hunziker et al., 2007; Julkunen et al., 2009; Rieppo et al., 2009; van Turnhout et al., 2011) due to growth, maturation as well as joint loading. Briefly, this process involves orchestrated changes that include increased collagen fibre deposition, post-translational collagen fibril cross-linking and maturation of collagen fibre orientation to attain adult collagen mechanical properties.
The signals that orchestrate the development and maturation of the articular surface remain incompletely understood. They include a combination of biomechanical and molecular signals (Onyekwelu et al., 2009) . It has been known for some time that skeletal muscle contractions are necessary for normal joint development and that they first occur very early in life then increase in frequency and duration and can occupy up to 80 % of the foetus's time (Murray and Drachman, 1969) , as an absence of joint development occurs in chick embryos with continuous application of neuromuscular blocking agents. The involuntary muscle contractions exert traction on the bones and also cause flexions and extensions of the joints creating local tensile strains and shear forces in the cartilage (Carter and Wong, 2003) . Ligaments, as they develop and move apart, will also exert forces on the developing joint (Heegaard et al., 1999) . Compressive forces arise after birth. Changes in hydrostatic pressure and shear stress within the cartilage influence chondrocyte gene expression and matrix formation and local growth. However, as the forces depend on muscle strength and joint morphology, other factors must be involved to provide the relatively standard homogenous AC appearance and thickness throughout the diarthrodial joints.
Molecular signals also have an important role in joint morphogenesis and work in concert with biomechanical forces to shape the joint. A plethora of growth factors and their receptors also influence AC development in a paracrine fashion (Onyekwelu et al., 2009) . It is now believed that a balance between these molecular cues and mechanical stresses contributes to the normal zonal growth of AC. It has been recently shown that molecular signalling alone can induce and enhance AC maturation in vitro. A combination of growth factors (FGF-2 and TGFβ1) induce collagen remodelling and significantly enhance (229 % increase) mechanical stiffness and change in the microanatomic structure of cartilage explants from immature calves in vitro without any loading of the construct (Khan et al., 2011) . Enhanced crosslinking of the collagen fibrils is also observed. Of importance to the present study, they also observe a response in organisation of the collagen fibrils at the structural level into pericellular, territorial and interterritorial matrices. They note that the differentiation of the extracellular matrix is most apparent at the surface of the explants, similar to our observations with development and maturation of equine foetal cartilage in utero. This important in vitro study indicates that molecular signals alone can potentially guide the structure of the developing collagen network. Taken together, these studies suggest that the zonal structural changes in the collagen network we have observed in utero result from the combined dynamic changes in paracrine growth factors and forces generated by developing muscles and expanding ligaments.
We also identified site differences in AC structure, as reported previously on PLM studies (Lecocq et al., 2008; van Turnhout et al., 2010) . The thickness of the AC was also significantly different between the five sites on the distal femur at certain ages, as previously observed by Lecocq et al. (2008) . These differences reflect site and joint maturational differences (Lecocq et al., 2008) , also observed by others (Brama et al., 2000; Julkunen et al., 2010) . Grunder (2006) postulates that the site-related variation of cartilage laminae on MRI is an adaptation of the collagenous network to the regional different "biochemical requirements". Variations in collagen network organisation are also observed in young animals at different sites within the joint (Hyttinen et al., 2009) and also between different articular surfaces (Julkunen et al., 2010) .
The horse stands immediately after birth and loads its joints. This may be an example of a species with precocious joint development when compared to mice or rabbits, and it is possible that the foetal AC collagen network may develop differently in different species, because of these different needs, but this remains to be elucidated. The foetal development of the articular cartilage collagen network has not yet been described in any other species, to our knowledge.
The collagen network at AC repair sites, following cell therapy or tissue engineering strategies, may recapitulate similar maturational stages to foetal AC and ideally progressively develop to an organised zonal structure, to meet load requirements. Microfracture is the only technique reported to date, to the best of our knowledge, that produces repair cartilage with a multizonal architecture on PLM: Changoor et al. (2011) observe a stratified organisation of collagen similar to adult cartilage at 1 year in biopsy specimens of the repair site, but there is no information on earlier time points.
There are several limitations to this study. First, we could not access foetal specimens earlier than 4 months gestational age and were not able to determine the earliest apparition of the superficial tangential layer. However, these are the earliest specimens described in the literature C Cluzel et al. Articular cartilage development to our knowledge. Second, MRI technique could have influenced image quality. For example, the main magnetic field, although oriented from distal to proximal relative to the hind limb axis, was not always oriented in the same manner relative to all the articular surfaces examined and could influence the intensity of the layers observed (magic angle effects). It is also important to note that truncation artefact was not considered as a limitation here as it was previously ruled out as the cause of laminae on FSE MR images (Kim et al., 1999) . Partial volume effect, underestimation of signal due to small object size, could have lowered the resolution of the MRI images: the choice of constant 3 mm thick slices has resulted in partial volume effects that were relatively more important in foetal compared with adult femurs. This might have impacted the capacity to identify thin cartilage layers in the smaller subjects. Higher resolution MRI and quantitative MRI sequences such as T2, T1rho mapping or gagCEST imaging (Borthakur and Reddy, 2010) would have provided greater detail and are planned in future studies. In addition, quantitative PLM and scanning electron microscopy would have provided valuable additional information on these specimens. Joints or limbs are often stored frozen when there is a delay in imaging due to either delay in collection of all specimens or scheduling issues, to attempt to prevent chondrocyte catabolic enzyme degradation of the cartilage matrix . Nevertheless, this is a trade-off as the freeze-thaw process, particularly when repeated, may lead to ice crystal accumulation and potential disruption of the cartilage collagen structure (ap Gwynn et al., 2000; Jomha et al., 2004) . On the other hand, investigators have also reported that small ice crystals do not affect the collagen orientation on scanning electron microscopic examination of mice articular cartilage samples (Hughes et al., 2005) .
Studies on the effects of freezing on cartilage MRI T2 relaxation have been performed principally on cartilage explants Reiter et al., 2011) . The results of these studies are contradictory but some suggest that freezing may alter collagen structure (Laouar et al., 2007) . Freezing and thawing of bovine nasal cartilage explants resulted in small changes in T2 Reiter et al., 2011) . It is not known if these observations of freezing effects on isolated cartilage explants can be extrapolated to complete intact joints.
In conclusion, this study described the MRI appearance of the developing articular surface and histological structure of the surface collagen framework. Knowledge of this primitive collagen network development and organisation may help understanding of the maturation of collagen in cartilage repair sites where developmental events are increasingly recognised to be recapitulated.
Discussion with Reviewers
Reviewer I: Have the authors thought of using quantitative MR sequences (T2, T1rho mapping or gagCEST imaging) for their study? Maybe these quantitative sequences would have given a greater dynamic range and reproducibility for scoring the cartilage. Authors: We agree with the reviewer that quantitative sequences could have improved the quality of assessment of cartilage and would have been very interesting to perform. However, when this study was performed we did not have access to quantitative MRI techniques. We are currently continuing this work employing 3T MRI and T2, T1rho mapping, in addition to other novel imaging sequences, to study juvenile cartilage development.
Reviewer II: The samples were frozen at -20 °C. At this temperature ice crystal formation can occur that may influence the orientation of the collagen fibrils. Can you comment on these methods and how you verified that the cartilage orientations were unaffected? Authors: The MRI imaging methods were based on similar studies of epiphyseal development in limbs that had been frozen at -20 °C (Connolly et al., 2004; Olivier et al., 2001) . The ideal experimental design to avoid potential cartilage collagen structural changes in these specimens would be to image and process all the specimens immediately following harvest. It is not usually practical, or possible, to image all limb specimens on the day of harvest and then process them. Joints or limbs are often stored frozen when there is a delay in imaging due to either a delay in collection of all specimens or scheduling issues, to attempt to prevent chondrocyte catabolic enzyme degradation of the cartilage matrix. Nevertheless, this is a trade-off as the freeze-thaw process, particularly when repeated, may lead to ice crystal accumulation and potential disruption of the cartilage collagen structure (ap Gwynn et al., 2000; Jomha et al., 2004) . On the other hand, investigators observed that small ice crystals do not affect the collagen orientation in mice articular cartilage samples on scanning electron microscopy examination (Hughes et al., 2005) . Only one freeze-thaw cycle was performed on the specimens in the current study as the freeze-thaw, not storage, contributes to the cartilage matrix damage.
The equine foetuses were supplied by an abattoir and were frozen immediately on-site and stored until collection. Ideally, a foetal limb specimen should have been assessed with the selected MRI sequences prior to and post freezing to determine whether the image changed due to potential structural changes induced by ice crystal formation. Histological analysis of the collagen structure could also have been assessed on sections obtained from a femur prior to and post freezing to identify any collagen structural alterations due to freezing. We have not observed a difference in Safranin O staining (for assessment of proteoglycans) pre-and post-freezing in foetal articular cartilage (unpublished data), but have not specifically addressed collagen structure. We will do so in future studies.
Studies on the effects of freezing on cartilage MRI T2 relaxation have been performed principally on cartilage explants. The results of these studies are contradictory but some have suggested that freezing may alter collagen structure Laouar et al., 2007) . Freezing and thawing of bovine nasal cartilage explants resulted in small changes in T2 , Reiter et al., 2011 . It is not known if these observations of freezing effects on isolated cartilage explants can be extrapolated to complete intact joints.
Reviewer II: The authors mentioned that the magic angle affects the signal intensity of the MR measurements. Can they discuss how much this effect has affected the MR signal and contrast in their experiments? Authors: The magic angle effect has the potential ability to alter contrast between cartilage layers by increasing the signal intensity of otherwise hypointense layers. This effect is strongly dependent on the angle of the cartilage structure relative to the static magnetic field. It is therefore unlikely that this effect has precluded identification of cartilage layers diffusely in a rounded joint surface such as the femoral trochlea or condyles. We did not get the impression that this artefact was present while reading the images.
Reviewer II: Could the authors think of other (smaller) animal models, which are suitable to study the maturation of the distal femoral epiphyseal articular surface? Especially when the MRI experiments are carried out at
